Abstract | An improved understanding of the molecular biology of cancer cell growth and survival and the role of the microenvironment in supporting the survival of cancer cells, including lymphoma cells, has led to the identification of a number of potential therapeutic targets. Despite these advances, drug development for lymphoma remains slow, inefficient, and frequently unfocused. Future work should focus on identifying 'driver' molecular defects of oncogenic pathways that can be targeted therapeutically, discovering predictive biomarkers for treatment response, and prioritizing promising drugs to accelerate their approval. This Review summarizes the current development status of novel agents for lymphoma and discusses strategies to move the field forward.
Introduction
In 2009, about 74,000 people in the USA were diagnosed as having lymphoma, and approximately 21,000 deaths from the disease were reported. 1 Current frontline treatment regimens include radiotherapy and chemotherapy, such as CHOP (cyclophosphamide, doxo rubicin, vincristine, and prednisone) with or without the monoclonal antibody (mAb) rituximab. 2 Advances in understanding the molecular biology of lymphoma have led to the identification of several potential therapeutic targets. As a result, new agents have been developed and approved by the FDA. However, the process of approving new drugs for lymphoma remains slow and inefficient. Of 53 new applications involving 39 different hemato logy and oncology drugs approved by the FDA between 2005 and 2007, only two drugs (bortezomib and vorino stat) were approved for the treatment of lymphoma. 3 Since 2007, three drugs (bendamustine, pralatrexate, and romidepsin) have been approved for patients with relapsed non-Hodgkin lymphoma. Remarkably, all five drugs were approved on the basis of results of nonrandomized, phase II studies, and none have demonstrated improvement in overall survival.
Many drugs evaluated in phase I studies for lymphoma have been discontinued because they lack efficacy or have unacceptable toxic effects. Furthermore, although the number of phase II studies continue to increase, many trials lack focus, do not significantly advance the field, and compete for a relatively small pool of eligible patients. How to advance drugs with promising clinical activity from early, small phase I and II studies to large-scale pivotal trials remains a challenge. Moreover, lymphoma has more than 40 distinctive histological subtypes with different natural histories, varying cure rates, and heterogeneous underlying molecular defects; thus, the development of molecular targeted therapy for lymphoma is more challenging than for any other type of cancer. Here, promising new targeted therapies for lymphoma and potential strategies to accelerate the development of new agents are discussed. This Review focuses on mAbs that target cell surface receptors and small-molecule inhibitors that are involved in oncogenic processes.
Targeted monoclonal antibodies

Unconjugated antibodies
In 1997, the FDA approved the first unconjugated (naked) mAb-rituximab-for the treatment of relapsed CD20 + B-cell lymphoma. Several naked mAbs have since been developed to target other surface antigens and receptors expressed in patients with Hodgkin lymphoma and nonHodgkin lymphoma, but with limited success. To date, three naked mAbs (rituximab, ofatumumab, and alemtuzumab) and two radioimmuno mAbs (ibritumomab tiuxetan and 131 I-tositumomab) have been approved by the FDA for the treatment of B-cell lymphoid malignancies, and all but one of these target the CD20 antigen. 4, 5 B-lineage antigens CD20 is an ideal target for mAb therapy because its expression is restricted to benign and malignant B lympho cytes. Rituximab has demonstrated single-agent activity in a wide variety of B-cell lymphoid malignancies, but its efficacy improved when combined with chemo therapy regimens, especially with CHOP in previously untreated patients with diffuse large B-cell lymphoma (DLBCL). 6 Nonetheless, the CD20 antigen remained unchallenged as a target for mAb therapy for more than a decade.
Ofatumumab, a second-generation fully human anti-CD20 antibody, binds to a different small-loop epitope of CD20 compared with rituximab and elicits rapid and efficient in vitro cell lysis via complement-dependent
Competing interests
The author declares no competing interests. REVIEWS cytotoxicity. 5, 7 Although ofatumumab demonstrated a 58% single-agent overall response rate (ORR) in patients with relapsed chronic lymphocytic leukemia (CLL) it failed to induce significant remissions in rituximab-refractory patients. 8 In patients with relapsed follicular lymphoma, ofatumumab produced a 42% response rate, which is comparable to what has been previously reported with rituximab. 7, 9 Anti-CD20 naked mAbs, including GA101, veltuzumab, and ocrelizumab are in clinical development; however, it remains to be seen how these mAbs compare with rituximab. Although CD20 expression is prominent in a variety of B-cell lymphomas, many patients do not respond to anti-CD20 antibodies, indicating that CD20 expression alone is not sufficient to predict response to therapy. 10 Thus, the benefits of newer mAbs are likely to be marginal unless specific mechanisms of resistance to anti-CD20 antibodies are addressed.
Expression of CD22 and CD23 antigens are also restricted to B lymphocytes and are being explored as therapeutic targets. Unlike CD20, CD22 is rapidly internalized, making it more suitable for antibody-drug conjugate (ADC) strategies than for naked antibody strategies. Unsurprisingly, epratuzumab-a naked IgG1 humanized anti-CD22 mAb-is less effective than rituximab for the treatment of B-cell lymphomas (Table 1) . 11 CD23 has been targeted using the mAb lumiliximab in patients with relapsed CLL; no major objective responses were observed in these patients. 12 There are no data on lumilixi mab activity in patients with B-cell lymphoma.
The CD19 antigen is highly expressed on B cells and is also internalized, but at a slower rate than CD22. Several strategies have been developed to target CD19 in patients with B-cell lymphoma, including blinatumomab -a bispecific T-cell engager-that targets CD19 and CD3 antigens. 13 16 Blinatumomab is administered as continuous intravenous infusions over several weeks. Despite the promising clinical activity of this agent, early trials were associated with unusual neurotoxicity, including coma, which may present challenges for its development. Finally, there are no data on the clinical activity of naked anti-CD19 antibodies, although these antibodies have recently entered clinical trials, the results of which are highly anticipated.
Antibodies that target B-cell antigens are likely to be used in combination with rituximab. Whether combining two antibodies that target B-cell antigens is a better strategy than using either one alone remains under investigation. Early clinical trials suggested only a marginal benefit when rituximab was combined with epratuzumab 17 (Table 1) or when they were both combined with CHOP chemotherapy in patients with newly diagnosed DLBCL. 18 It will be important to determine whether the effects of more than one antibody targeting different B-lineage antigens would be additive or noncross-resistant. A randomized study comparing rituximab plus CHOP (R-CHOP) with epratuzumab plus CHOP is under way to address this issue (clinicaltrials.gov NCT00451178).
TNF receptor superfamily members
Tumor necrosis factor (TNF) receptor superfamily members are being explored as potential targets for lymphoma therapy, even though many of these receptors are expressed outside the lymphatic system. 19 TNF receptor superfamily members regulate survival, inflammation, and immunity. Thus, antibodies that target these receptors that are involved in so many important cellular processes should take these properties into consideration.
Preclinical experiments have provided an elegant ration ale for targeting CD40 in lymphoid malignancies; 19 however, emerging results from phase I and II clinical trials have demonstrated marginal single-agent activity. For example, dacetuzumab (SGN-40), a humanized anti-CD40 mAb with partial agonistic activity, produced an ORR of only 10% in 46 patients with relapsed DLBCL. 20, 21 The anti-CD40 antibody, HCD122, is currently being evaluated in a phase I study in patients with relapsed B-cell non-Hodgkin lymphoma and Hodgkin lymphoma, and the results should be reported soon. Similarly, there is a strong preclinical rationale for targeting TNF-related apoptosis-inducing ligand (TRAIL) death receptors. Nevertheless, results from a phase II study of mapatumumab, a human antibody against TRAIL death receptor R1 (TRAIL-R1), in patients with relapsed non-Hodgkin lymphoma were also disappointing, with a response rate of 12% in patients with relapsed indolent lymphoma. 22 Why these mAbs targeting CD40 and TRAIL death receptors produced inferior results to those obtained with the empirical approach of using anti-CD20 antibodies remains unclear (Table 1) . Several hypotheses include a low expression of the death receptors, internali zation of CD40, and a lack of complete blocking properties of dacetuzumab. These antibodies modulate functional receptors and, therefore, may have greater therapeutic value when used in combination regimens than as single agents. For example, in a pre clinical study, promising results have been observed when combining TRAIL death receptor agonistic antibodies with agents that down regulate pro-survival proteins or upregulate the expression of TRAIL death receptors. 23 Whether combining these marginally active anti bodies with other active agents will be clinically beneficial remains to be seen.
CD30 is a TNF superfamily transmembrane receptor and is highly expressed in patients with non-Hodgkin lymphoma and anaplastic large-cell lymphoma. CD30 is internalized, making it a suitable target for ADC strategies. Initial phase I and II clinical trials using firstgeneration naked anti-CD30 antibodies, such as SGN-35, were disappointing, especially in patients with relapsed Hodgkin lymphoma (Table 2) . 24, 25 These poor results may be due to poor antigen binding properties, ineffective activation of effector cells, and neutralization by soluble CD30. Preliminary results from an ongoing phase I study of XmAb2513-derived from a humanized potent, chimeric anti-CD30 antibody, cAC10 (SGN-30)-suggest that this novel antibody may be more effective than the first-generation anti-CD30 antibodies. 26 
Antibody-drug conjugates
An ADC requires selective targeting of a cell surface antigen or receptor that can internalize to deliver the toxic drug inside the cell. CD22, C19, and CD30 are currently being targeted using this strategy with a variety of ADCs (Table 1) . For example, CD22 is currently being targeted using ADCs that deliver Pseudomonas (BL22) or calicheamicin (inotuzumab ozogamicin). BL22 has an antibody-derived domain that recognizes CD22 and has a truncated Pseudomonas exotoxin domain that allows it to inhibit protein synthesis. BL22 has demonstrated clinical efficacy in patients with hairy-cell leukemia and is currently being evaluated in patients with CLL. 27 Inotuzumab ozogamicin (CMC-544) is a humanized anti-CD22 antibody conjugated to calicheamicin, a potent antitumor antibiotic that binds to DNA. In a phase I study, inotuzumab ozogamicin was administered intravenously every 4 weeks in patients with relapsed B-cell lymphoma. 28 The maximum tolerated dose was 1.8 mg/m 2 and the dose-limiting toxic effects (DLTs) were thrombocytopenia, neutropenia, and hepatic toxi city. Compared with epratuzumab, inotuzumab ozoga micin demonstrated an improved single-agent activity, with ORRs of 68% in follicular lymphoma and 15% in DLBCL (Table 1) . 28 In a follow-up study, inotuzumab ozogamicin was combined with rituximab in patients with relapsed follicular lymphoma or DLBCL. 29 This novel antibody combination produced an ORR of 84% in 38 patients with follicular lymphoma, with a median progression-free survival (PFS) of 23.6 months. Patients with DLBCL (n = 40) had an ORR of 80%, with a median PFS of 15.1 months. The ORR was only 20% in 25 patients with rituximabrefractory lymphoma, which was associated with a short median PFS (2 months).
SAR3419 is a humanized IgG1 mAb to CD19 that is conjugated to the maytansinoid derivative DM4, a potent tubulin inhibitor that binds to the vinca site. Results from Abbreviations: CR, complete response; HDACs, histone deacetylases; mTOR, mammalian target of rapamycin; ORR, overall response rate; PR, partial response.
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a phase I study of SAR3419 in patients with relapsed CD19 + B-cell non-Hodgkin lymphoma showed this drug had no substantial hepatic or hematopoietic toxic effects. 30 By contrast, the DLT of SAR3419 was reversible severe blurred vision, which was associated with microcystic epithelial corneal changes. Of 25 evaluable patients, 17 (68%) demonstrated reduction in their tumor measurements, and of those patients, two achieved a partial response and three achieved a complete response. Furthermore, seven (53%) of 13 patients with rituximab-refractory disease had a reduction in their tumor measure ments. 30 Thus, the lack of profound hematologic toxic effects and the ability to induce responses in rituximab-refractory patients may provide an opportunity for combining SAR3419 with other active regimens for the treatment of B-cell lymphoma. Although preclinical data have demonstrated the superiority of SAR3419 compared with the CD19 antibody, 31 no comparative clinical data are available for patients with relapsed lymphoma using an anti-CD19 antibody. Thus, the exact contribution of DM4 to the activity of the naked antibody in patients with relapsed lymphoma remains undetermined.
Brentuximab vedotin (SGN-35) is an ADC that conjugates the anti-CD30 antibody cAC10 (SGN-30) to monomethyl auristatin E, a synthetic antimicrotubule agent. 32 In 2008, brentuximab vedotin was recently evaluated in two phase I clinical trials using different treatment schedules. In the first study, 45 patients with relapsed Hodgkin lymphoma and anaplastic large-cell lymphoma were treated with escalating doses of brentuximab vedotin (0.1 mg/kg to 3.6 mg/kg) by intravenous infusions every 3 weeks. The treatment was reasonably well tolerated; DLTs were neutropenia and hyperglycemia. Importantly, 88% of the patients demonstrated tumor reductions, and 40% achieved partial response or complete response (Table 2) . 33 In a second phase I study, 37 patients were treated with brentuximab vedotin that was administered weekly for 3 weeks in 4-week cycles. DLTs included grade 3 gastrointestinal toxic effects and grade 4 hyperglycemia. The ORR in 35 evaluable patients was 46%. These results are remarkable especially when compared with those of the naked antibody SGN-30, which demonstrated no clinical activity in patients with relapsed Hodgkin lymphoma. On the basis of these encouraging results, a pivotal phase II trial recently completed enrollment of 104 patients treated with 1.8 mg/kg of brentuximab vedotin administered every 3 weeks. 34 
Molecules targeting oncogenic pathways
Advances in tumor biology have led to the identification of a variety of intracellular oncogenic pathways as potential targets for cancer therapy. These pathways can be targeted with small molecules that can selectively inhibit specific signaling molecules known to be activated in lymphoma, many of which are not 'driver' targets but contribute to the survival of lymphoma cells (Figure 1 ).
The PI3K/Akt/mTOR pathway The PI3K/Akt/mTOR signaling pathway is dysfunctional in cancer, making it an important target for drug develop ment. 35, 36 Oncogenic activation of the PI3K pathway is associated with gain-of-function mutations in the PI3K p110α or p85α isoforms and/or with the loss-offunction of PTEN (Figure 2) . [37] [38] [39] In lymphoid malignancies, PI3K pathway activation is rarely associated with these mutations; rather, it is linked to constitutive B-cell receptor activation and/or to exposure to survival factors present in the microenvironment, such as CD30, CD40, BAFF, and RANK. [40] [41] [42] [43] [44] [45] First-generation mTOR inhibitors were soluble rapamycin derivatives (rapalogs), two of which have been approved by the FDA for the treatment of renalcell carcinoma: temsirolimus and everolimus. A third rapalog, ridaforolimus, is being tested in phase III trials (clinicaltrials.gov NCT00538239). The rapalogs work by binding to an adaptor protein FK506 binding protein 12 (FKBP12), preferentially inhibiting the formation of the downstream complex mTORC1, with no effect on mTORC2. 46, 47 More recently, small-molecule inhibitors that compete with the ATP binding site in the mTOR kinase domain have entered clinical trials. These secondgeneration mTOR inhibitors inhibit both mTORC1 and mTORC2 and have demon strated in vitro acti vity in rapamycin-resistant cancer cell lines (Figure 2) . 47 The exact anticancer mechanisms of mTOR inhibitors remain unclear, but likely mechanisms include induction of autophagy, anti-angiogenesis, immuno regulation, and inhibition of protein trans lation of critical cell survival proteins. [48] [49] [50] Thus, because mTOR inhibitors primarily induce cell-cycle arrest and autophagy, it is likely that clinical responses to mTOR inhibitors are augmented in vivo by modulation of the micro environment and angiogenesis. [51] [52] [53] Temsirolimus demonstrated broad activity in a variety of lymphoma subtypes (Table 3) . 54 A phase II trial of single-agent temsirolimus in patients with relapsed MCL reported an ORR of 38% (13 of 34 patients); one patient achieved complete response, and 12 achieved a partial response. 55 The most common adverse events were thrombocytopenia, anemia, neutropenia, hyper glycemia, increased triglycerides, mucositis, and fatigue. These encouraging results were not confirmed in a multi center phase III trial that compared temsirolimus with commercially available chemotherapy drugs in patients with relapsed MCL. 56 Although temsirolimus demonstrated improved PFS and improved ORR (22% versus 2%), the ORR was lower than what has been reported in smaller, single-institution phase II studies. Moreover, temsirolimus demonstrated promising clinical activity with an ORR of 56% in patients with relapsed follicular lymphoma, 35% for DLBCL, and 10% for small lymphocytic lymphoma (SLL, Table 3 ). 54 Everolimus also has promising singleagent clinical activity in a variety of lymphoma subtypes, producing an ORR of 50% in follicular lymphoma, 30% in DLBCL, 18% in SLL, 63% in peripheral T-cell lymphoma, and 53% in Hodgkin lymphoma (Table 3) .
The strategy of targeting molecules upstream of mTOR, such as Akt and PI3K, is more potent than the use of mTOR inhibitors in vitro (as more downstream targets are inhibited); however, concerns about potential toxic effects of these agents has delayed their clinical development. 37 An improved understanding of the PI3K signaling pathway has led to the identification of PI3K isoform targets. 35, 57 Three different PI3K classes have been identified, but only class I has been linked with oncogenesis. 58 CAL-101 is a potent oral selective inhibitor of the PI3K isoform p110δ. In human lymphoma cell lines, p110δ expression was observed in >90% of cases and was frequently associated with constitutive phosphorylation of Akt. CAL-101 decreased levels of phosphorylated Akt and other downstream effectors, such as S6 kinase and GSK-3β, resulting in inhibition of growth and induction of apoptosis in a variety of lymphoma cell lines. 59 In a phase I study in patients with lymphoid malignancies, CAL-101 was administered at increasing doses (50 mg to 350 mg) orally twice daily in 28-day cycles. Although no hematologic DLTs were observed, serious hepatic toxic effects and infections were reported. Remarkably, 10 (56%) of 18 patients achieved a partial response (five with indolent lymphoma and five with MCL). 60 These data, together with results achieved using mTOR inhibitors, confirm that targeting the PI3K/Akt/mTOR pathway is a promising strategy for the treatment of lymphoma.
Proteasome inhibition
The proteasome regulates cellular protein homeostasis. Inhibition of the proteasome function alters the cellular content of a variety of cell cycle and survival proteins, leading to cell-cycle arrest and apoptosis. The first proteasome inhibitor to be approved by the FDA was bortezomib, a potent, selective, and reversible inhibitor of the 26S proteasome. In relapsed and/or refractory MCL, the ORR with bortezomib was 39-54%. 61 Bortezomib demon strated modest activity in other types of lymphoma and had no activity in patients with relapsed Hodgkin lymphoma. 62, 63 Bortezomib may have a role in enhancing the efficacy of conventional chemotherapy by modulating intracellular resistance factors, such as nuclear factor-kappa B (NF-κB). This hypothesis is currently being tested in prospective clinical trials combining bortezomib with a variety of chemotherapy regimens, including R-CHOP.
In a study that examined the efficacy of bortezomib plus rituximab and EPOCH chemotherapy in patients with DLBCL, the greatest benefit was observed in a subset of patients with the activated B cell, which has been shown to be associated with constitutive activation of the NF-κB pathway. 64 Bortezomib is also being combined with other biological agents, including mAbs and histone deacetylase (HDAC) inhibitors. In an alternative approach, several companies are currently develop ing second-generation proteasome inhibitors aimed at improved clinical activity and reduced toxic effects, which could allow these agents to be combined with chemotherapy. 
Histone deacetylases
HDACs are promising targets because they inhibit several oncogenic pathways and have a role in regulating cellcycle progression, survival, angiogenesis, and immunity. 65 The 18 human HDACs currently known are grouped into four classes: class I (HDACs 1, 2, 3, and 8), class II (HDACs 4, 5, 6, 7, 9, and 10), class III sirtuins (SIRT1 to SIRT7), and class IV (HDAC 11, Supplementary Figure 1) . Small-molecule HDAC inhibitors are broadly classified as pan-HDAC inhibitors (vorinostat, romidepsin, and panobinostat) or class I HDAC inhibitors (mocetinostat and entinostat). Two HDAC inhibitors, vorinostat and romidepsin, have been approved by the FDA for the treatment of cutaneous T-cell lymphoma (CTCL).
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Vorinostat produced an ORR of 30% in 74 patients with relapsed CTCL. 66 Similarly, romidepsin produced an ORR of 34% in 71 patients with relapsed CTCL. 67 In both studies, fatigue and thrombocytopenia were frequently observed. In another study, romidepsin demonstrated a 33% response rate in heavily pretreated patients with relapsed peripheral T-cell lymphoma. 68 HDAC inhibitors have promising clinical activity in patients with relapsed Hodgkin lymphoma. 69 In a phase II study, mocetinostat (MGCD0103), a novel oral HDAC inhibitor that selectively inhibits the HDAC 1 and 2 isoforms, produced an ORR of 35% in heavily pretreated patients with relapsed Hodgkin lymphoma. 70 The most common toxic effects were fatigue and gastrointestinal symptoms, which resulted in dose interruptions, dose reductions, and discontinuation of therapy. Results from clinical trials of vorinostat and panobino stat were reported in patients with relapsed Hodgkin lymphoma. 71, 72 The Southwest Oncology Group (SWOG) conducted a phase II trial of vorinostat. 71 Of the 25 patients who were treated with vorinostat administered orally at 200 mg twice daily for 14 days in 21-day cycles, only one patient achieved a partial response. Panobinostat was evaluated in phase I and II trials in patients with relapsed Hodgkin lymphoma. 72 In the phase I study, five (38%) of 13 patients achieved partial response. The most common toxic effects were fatigue, thrombocytopenia, nausea, and diarrhea. On the basis of this promising clinical activity, a multicenter, international phase II study of panobinostat in relapsed Hodgkin lymphoma was initiated, and preliminary results have demonstrated an ORR of approximately 20%; thrombocytopenia was the most common grade 3/4 toxic effect. 73 The clinical activity of HDAC inhibitors in other types of lymphoma was more modest. Collectively, both class I HDAC inhibitors and pan-HDAC inhibitors have demonstrated clinical activity in patients with relapsed non-Hodgkin lymphoma and Hodgkin lymphoma. 69 HDAC inhibitors have demonstrated promising single-agent activity in a variety of lymphoid malignancies, but because they modulate a variety of survival factors, the future use of these compounds will be in combination with other active agents. Several HDAC inhibitor-based regimens are currently being examined in various stages of clinical trials, including combinations with hypo methylating agents, rituximab, proteasome inhibitors, and chemotherapy.
Immunomodulatory drugs
Lenalidomide is a derivative of thalidomide and is an immunomodulatory agent. The mechanism of action is not completely understood, but it involves a direct antiproliferative effect, modulation of the tumor microenvironment, inhibition of angiogenesis, and enhancement of immune cell function. Several phase II studies have demonstrated promising clinical activity of lenalidomide in a variety of lymphoma subtypes when administered orally at 25 mg daily for 3 weeks in 4-week cycles. 74, 75 The ORRs were 27%, 28%, 42%, and 45%, respectively, in patients with relapsed follicular lymphoma, DLBCL, MCL, and TCL (Table 3) . Importantly, responses were seen in patients who had failed to respond to their previous regimen, including rituximab-refractory patients. Lenalidomide also demonstrated modest clinical activity in patients with relapsed Hodgkin lymphoma, with an ORR of 18%. 76, 77 In these studies, the primary toxic effect was myelosuppression, which required dose reductions or interruptions in almost 50% of patients. This toxicity profile suggests that combining lenalidomide with conventional chemotherapy regimens might be difficult and that alternative approaches should be investigated, including administration of lenalidomide as maintenance after chemotherapy or in combination with other biologic agents that have minimal hematologic toxic effects, such as rituximab. 
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Other promising agents in development BCR signaling In subsets of B-cell lymphomas, augmented BCR signaling may promote their survival, 80 which led to the develop ment of small molecules that inhibit Syk and Bruton's tyrosine kinase (involved in B-cell receptor signaling). [80] [81] [82] In a phase II study, fostamatinib, a Syk smallmolecule inhibitor, demonstrated clinical acti vity in a variety of B-cell malignancies; the highest ORR, 55%, was observed in patients with relapsed SLL or CLL (Table 3) . 81 Similarly, a phase I study of the Bruton's tyrosine kinase small-molecule inhibitor PCI32765 demon strated clinical acti vity in a variety of B-cell lymphoid malignancies. 82 Targeting apoptosis machinery In addition to mAbs that target the TRAIL death receptors, small molecules are currently being developed to target members of the Bcl-2 family and the inhibitors of apoptosis family. [83] [84] [85] [86] These small molecules were developed based on a detailed understanding of the intrinsic and extrinsic death pathways. 87 Most of these agents have failed to produce substantial single-agent activity in patients with relapsed lymphoma. For example, in a phase II study of the anti-survivin compound YM155, only one of the 35 evaluable patients with relapsed DLBCL responded. 83 Similarly, the novel oral anti-Bcl-2 inhibitor ABT-263 produced an ORR of 11% in 27 patients with relapsed SLL or CLL and a much lower ORR in other types of B-cell lymphomas. 85 These results are somewhat disappointing, given the well-established role of the Bcl-2 family in survival of lymphoma cells. These critical survival protein-modulating drugs may be better suited for combination strategies with chemo therapy or other targeted agents. Furthermore, these studies illustrate the need to identify predictive biomarkers in order to enrich the populations that are likely to benefit from these novel targeted agents.
JAK and STAT pathway
The Janus kinase (JAK) and signal transducer and activator of transcription (STAT) pathway has an important role in the proliferation and pathogenesis of hematologic malignancies. Somatic activating point mutations in JAK2 have been reported in most myeloproliferative dis orders but are rarely described in Hodgkin lymphoma and non-Hodgkin lymphoma. 88, 89 JAK2 activation has been associated with mutation of the suppressor of cytokine signaling-1 gene in Hodgkin lymphoma and primary mediastinal large B-cell lymphoma. 90, 91 Activated STAT3 and STAT5 signaling promotes the growth and survival of a variety of lymphomas;
92-100 thus, in a phase I study, the novel oral JAK2 small-molecule inhibitor SB1518 was evaluated in patients with relapsed Hodgkin lymphoma and non-Hodgkin lymphoma. 101 Clinical responses were observed in patients with relapsed MCL, follicular lymphoma, SLL, and Hodgkin lymphoma. A phase II clinical trial is expected to enroll patients in 2010 to confirm this promising clinical activity.
Challenges and future directions
As more molecular targets are identified, the number of new targeted anticancer agents continues to increasemore than 800 such compounds are currently in active clinical development. 102 However, because of tumor hetero geneity and the complex interplay between several oncogenic pathways in lymphoma, it is not surprising that the ORRs of targeted drugs in unselected lymphoma patients rarely exceed 30% (Figure 3) .
Design of clinical trials
There is a need to develop a more efficient way to evaluate new agents, especially in phase I studies. Poorly designed studies not only waste resources but may also lead to premature decisions to halt the development of potentially effective agents. Despite the importance of phase I studies in the development of oncology drugs, their value is frequently shadowed by the fact that they are traditionally offered to patients with advanced-stage tumors who have no other therapeutic option. In a different approach, phase I novel agents could be evaluated in less heavily pretreated patients with certain types of chronic, non-life threatening but incurable lymphomas; such trials could provide valuable information on the agents' safety and potential efficacy.
Although the goal of phase I chemotherapeutic studies is to establish the maximum tolerated dose and to recommend a dose for further testing in subsequent trials, this goal may not be ideal in the era of targeted therapy. Indeed, meaningful clinical responses are frequently observed at dose levels below the maximum tolerated dose, indicating a need to develop novel phase I designs for targeted agents. 103, 104 As new agents are increasingly combined with conventional chemo therapy regimens and/or with other targeted agents, innovative phase I designs of combination regimens are also required to expedite their development. For example, combination studies should consider including several treatment arms, instead of the traditional but inefficient approach of using one combination per study. This novel design was recently adopted for the treatment of patients with locally advanced breast carcinoma. 105 One study combined the anti-TRAIL-R2 mAb conatumumab with either vorino stat or bortezomib in patients with relapsed lymphoma, with reasonable DLTs and preliminary evidence of anti-tumor activity. 106 
Timely enrollment in clinical trials
Approximately 3% of cancer patients usually participate in clinical trials; given that about 74,000 patients were diagnosed as having lymphoma in the USA in 2009, an estimated 2,200 patients with lymphoma were probably enrolled in clinical trials in 2009 (an average of nine patients per clinical trial per year). These numbers explain why many studies close prematurely because of lack of enrollment. There is an urgent need to prioritize our efforts and avoid activating new studies that answer marginal questions.
Randomized phase II trials that combine new targeted agents with standard regimens should be used more frequently, especially with adaptive randomization designs. Such designs may reduce the sample sizes and may encourage patients to participate because they are assured that they have a higher chance of being randomized to the more-effective regimen. As some of the new targeted drugs are incorporated into frontline regimens, it will be important to design clinical trials that can reach the primary end points in a timely manner. Currently, at least five large-scale randomized studies are enrolling newly diagnosed patients with advanced-stage DLBCL, and all use the same standard arm, R-CHOP. The experimental arm of these trials adds one investi gational drug to R-CHOP, either concurrently (bortezomib and epratuzumab) or in a maintenance schedule (enzastaurin, everolimus, and lenalidomide). This inefficient, un coordinated phase III study design should be modified in the future. A possible alternative would be a large multi arm randomized study with only one arm using the standard R-CHOP and other, simultaneous arms evaluate several new agents in combination with R-CHOP. Such an approach, which would require a major collaborative effort between pharma ceutical companies, the FDA, and academia, could expedite results from clinical trials.
Predictive biomarkers and patient selection Despite the elegant scientific rationale for the development of molecular targeted agents, these novel drugs rarely produce a single-agent ORR that exceeds 30% (Figure 3 ). This poor outcome may be related to the lack of proper patient selection. Therefore, the identification of predictive biomarkers should enable the selection of patients who are likely to have better ORRs to a certain therapy. Current data demonstrate that the mere expression of the therapeutic target is not sufficient to predict treatment response (Table 4 ) because many novel agents do not target 'driver' oncogenic defects. For example, although 100% of patients with relapsed indolent lymphoma enrolled in the clinical trial were required to have documented evidence of CD20 expression, only 50% of patients responded to the anti-CD20 mAb rituximab. 9 Similarly, only 10% of patients with relapsed CD22 + DLBCL responded to the anti-CD22 mAb epratuzumab. Thus, although the expression of the molecular target is required, it is not sufficient to predict response to the targeted agent. Therefore, identifying predictive biomarkers that are independent of the therapeutic target is important.
The failure to link several molecular targets to treatment outcome is likely due to the fact that many of these targets are not involved in the oncogenic process; ex amples are CD20 and CD22 expression. By contrast, the presence of targets that relate to oncogenesis can predict treatment outcome and such targets have been proposed as a criterion for patient selection. This concept is easy to understand when the targeted drug inhibits only one target, with no off-target effects, but it becomes more complex when the targeted agent has several, sometimes favorable, off-target effects. Thus, these off-target effects should be considered when future predictive biomarkers are evaluated.
In the era of targeted therapy, early phase I and II clinical trials of novel agents should always incorporate translational studies to identify potential biomarkers that can be validated in subsequent studies. Empirical studies with only clinical end points should be avoided, despite being cheaper to conduct. For example, although preclinical experiments and results from a phase I study suggested that patients with DLBCL were likely to respond to YM155 (a small-molecule inhibitor of survivin), the drug produced an ORR of only 3% in a phase II study.
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Figure 3 | Summary of single agents with activity in patients with relapsed diffuse large B-cell lymphoma. This chart is not meant to compare drugs with one another because these data are derived from a variety of phase I and II studies, some of which are ongoing. Single-agent overall response rates of targeted agents rarely exceed 30%. Drugs that are shown in yellow are currently in pivotal trials. Unfortunately, because the trial neither evaluated nor required the presence of survivin expression in patients' tumors, drawing any conclusions from that study is difficult. Moreover, the study did not incorporate translational studies on patients' biospecimens to determine whether the doses of YM155 inhibited survivin in vivo. Thus, these types of empirical designs for trials of novel targeted drugs should be avoided because they rarely advance the field. By contrast, when 'driver' oncogenic defects are identi fied and used to preselect patients for specific drugs, these trials have a higher chance of producing clinical responses. Successful examples include the presence of BCR-ABL in certain types of leukemia, EGFR mutations in non-small-cell lung carcinoma, 108 BRAF mutations in melanoma, 109 and wild-type, nonmutated KRAS in colorectal carcinoma. 110 No such 'driver' molecular bio markers have been identified for lymphoma patients, and the search for these biomarkers should continue to be a high priority.
Lymphoma response criteria
The clinical end points of studies of single-agent targeted drugs rely heavily on ORR and PFS to identify promising agents for further clinical development. Therefore, the definitions of disease progression and disease response should be modified to provide a more accurate and uniform interpretation of clinical trials. Furthermore, many phase I studies include patients with both solid tumors and lymphoma and use RECIST in the trial design. 111 By contrast, lymphoma-specific studies use the revised response criteria, which differ from RECIST in several important aspects, including the definition of response and how to measure it. 112 Although the current revised response criteria for malignant lymphoma are suitable for assessing tumor response and PFS achieved with frontline regimens, they lack important details needed to accurately evaluate response to single-agent drugs in the relapsed setting. For example, the current system does not address how to measure a large mass that becomes several smaller masses during a response, nor does it address the appearance of a PET-positive small extra nodal lesion in a setting of a disease response. Moreover, some of the targeted agents may alter inflammatory cytokines in the tumor microenvironment or glucose uptake in the tumor cells, thereby inducing a false positive or false negative result in PET analysis. These changes may influence imaging results that may be incorrectly interpreted as disease response or disease progression. Future revisions in the response criteria should take these deficiencies into account and should include new assessment methods, such as molecular imaging.
Conclusions
As more targeted agents are developed for cancer therapy, prioritizing clinical trials with these novel agents is important to ensure that patients are enrolled in a timely manner. Furthermore, because most of these agents are expected to produce modest ORRs in unselected patients, correlative studies should be performed on biospecimens obtained from patients enrolled in these trials to identify molecular biomarkers for treatment response. Most tumors are expected to activate more than one oncogenic pathway, so rationally designed trials should be initiated to combine multiple targeted agents. Eventually, various combination regimens will be selected by using predictive biomarkers from individual patients, as has been proposed for patients with breast cancer and melanoma. 105, 113 This personalized treatment approach will improve the cure rate while reducing treatment-related toxic effects. 
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